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We report an extensive study on the zero field ground state of a powder sample of the pyrochlore
Yb2Ti2O7. A sharp heat capacity anomaly that labels a low temperature phase transition in this
material is observed at 280 mK. Neutron diffraction shows that a quasi-collinear ferromagnetic order
develops below Tc with a magnetic moment of 0.87(2)µB. High resolution inelastic neutron scattering
measurements show, below the phase transition temperature, sharp gapped low-lying magnetic
excitations coexisting with a remnant quasielastic contribution likely associated with persistent spin
fluctuations. Moreover, a broad inelastic continuum of excitations at ∼ 0.6 meV is observed from
the lowest measured temperature up to at least 2.5 K. At 10 K, the continuum has vanished and a
broad quasielastic conventional paramagnetic scattering takes place at the observed energy range.
Finally, we show that the exchange parameters obtained within the framework of linear spin-wave
theory do not accurately describe the observed zero field inelastic neutron scattering data.
INTRODUCTION
A system is said to be frustrated when the energies of
all the competing interactions driving its spin-spin cor-
relations cannot be simultaneously minimised. Magnetic
frustration is, then, the mechanism that may inhibit con-
ventional long-range order down to T = 0 K. The py-
rochlore family of chemical formula A2B2O7, where A is
a trivalent rare earth ion and B is a tetravalent transi-
tion metal, is notable for presenting a wide range of exotic
magnetic phenomena at low temperatures [1]. The rea-
son for that is encoded in the geometry of the underlay-
ing crystallographic lattice, which forms interpenetrating
corner sharing tetrahedra in the cubic space group Fd3¯m
and, hence, provides the perfect architecture for geomet-
ric frustration.
As a possible candidate for quantum spin ice (QSI),
where emergent U(1) gauge field and exotic excitations
are expected [2], Yb2Ti2O7 has attracted intense research
in recent years [3–6]. The crystal field acting on the mag-
netic 2F7/2 Yb
3+ leads to four well separated Kramers
doublets in which the gap between the predominantly
mJ = ±1/2 ground state and the first excited state is
around 700 K [7, 8]. This renders Yb2Ti2O7 an authen-
tic effective S = 1/2 spin system, particularly suited for
theoretical investigations on the QSI physics based on an
anisotropic spin Hamiltonian model [3, 4, 6, 9].
The strong sample dependence exhibited by the mag-
netic behavior of Yb2Ti2O7 at low temperatures is also
particularly noteworthy. One suggestion for the discrep-
ancies is the so-called “stuffing”, in this sense meaning
that the Yb3+ ions expected to occupy the A lattice site
are randomly distributed on the B site, which in prin-
ciple should host only Ti4+ ions. This substitution was
shown to occur on 2.3% of the B sites in the sample re-
ported in the studies presented in Refs. [10, 11], a rather
small amount of site disorder that can suppress the first
order phase transition at Tc [12]. Recently, however, two
powder samples claimed to be stoichiometric show differ-
ent long-range magnetic orders evolving at low temper-
atures. Ref. [11] proposes an ice-like splayed ferromag-
netic ground state, in which the magnetic moments are
canted (14 ± 5)◦ from the cubic 〈100〉 axis, in a two-in-
two-out arrangement. Ref. [13] proposes an all-in-all-out
ferromagnetic structure, considering that the represen-
tation analysis within the Fd3¯m structural space group
fails in reproducing the magnetic structure observed in
their sample below Tc.
Controversies also exist in the reported spin dynam-
ics of the ground state of Yb2Ti2O7. Linear spin-wave
theory could successfully reproduce the high-field propa-
gating spin-waves present at low temperatures in the ma-
terial [4, 6]. On the other hand, to date, the predicted
gapped magnetic excitations in zero field, consequence
of the exchange anisotropy in the Hamiltonian, have not
been confirmed experimentally. The reported spin dy-
namics displays little or no change while increasing the
temperature from 50 mK to at least 2 K in both single
crystal and powder samples [11, 14].
The applicability of linear spin-wave theory is possi-
bly limited by the quantum fluctuations exhibited in the
compound at low fields. The mechanism giving rise to
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2these fluctuations is still debated. It has been suggested
that the proximity of Yb2Ti2O7 to a phase boundary
between two competing magnetic ground states is a pos-
sible cause for the dynamical character of the ground
state [15, 16]. Ref. [15] reports that an order-by-disorder
mechanism may drive the system to a XY Ψ2/Ψ3 mag-
netic phase before it eventually adopts an energetically
favourable splayed ferromagnetic state, in a double phase
transition process. Indeed, a new set of exchange pa-
rameters place the compound very close to the boundary
between the Ψ3 and the splayed ferromagnetic phases in
a calculated semiclassical phase diagram (see Supplemen-
tal Material of Ref. [6]). The proximity to a critical point
would in principle explain the sensitivity of Yb2Ti2O7 to
weak disorder, as is the case in stuffed samples.
In this work we present a complete study of a
Yb2Ti2O7 powder sample. We report heat capacity,
neutron diffraction and high-resolution inelastic neutron
scattering measurements. Heat capacity at constant
pressure displays a sharp phase transition at Tc = 280
mK. A second, higher temperature broad hump is also
observed at 2.5 K. Neutron diffraction confirms the de-
velopment of a quasi-collinear ferromagnetic long-range
order below Tc with a strongly reduced ordered moment
of the Yb3+ ions. High resolution neutron spectroscopy
displays the evolution, upon cooling, of the magnetic cor-
relations in the system. From about 2.5 K, the onset of
ferromagnetic correlations is suggested by a broad dif-
fuse quasielastic scattering prominent at low-|Q|. Addi-
tionally, an inelastic continuum of scattering develops at
energy transfers around 0.6 meV. These features exhibit
progressively stronger magnitude when the temperature
is decreased down to 500 mK. At 50 mK, an energy gap
of 0.17 meV opens to form a flat mode in the spectra.
An additional sharp feature is visible at 0.1 meV. The
significant amount of quasielastic scattering remaining
at this temperature once again shows that, despite the
long-range order, the magnetic moment of the Yb3+ is
not fully ordered but fluctuates down to temperatures
as low as 50 mK. Using three different sets of exchange
parameters, reported in [4], [6] and [14], we calculate
the powder-averaged spectra of the spin wave excitations
expected to emerge in the ground state and perform a
qualitative comparison between the predictions and our
experimental results in Yb2Ti2O7.
EXPERIMENTAL DETAILS
The powder sample was prepared using the standard
solid state reaction method. Stoichiometric quantities of
Yb2O3 and TiO2 oxides were mixed, pressed into pellets
and sintered at 1300 ◦C for several days with intermedi-
ate grindings [17].
High resolution neutron powder diffraction was per-
formed at the HRPT diffractometer at the Paul Scherer
Institute (PSI) [18], Switzerland, at 2 and 150 K. The
powder was loaded in a vanadium sample holder and
cooled in a liquid He cryostat. A neutron wavelength
of 1.155 A˚ was chosen in order to have an optimal com-
bination of intensity and resolution.
The molar heat capacity at constant pressure (Cp) of
our Yb2Ti2O7 powder was measured using a Physical
Property Measurement System (PPMS) from Quantum
Design. After the addenda measurement, a pressed pow-
der sample was mounted on a dilution refrigerator insert.
The size and shape of the sample were chosen in order to
optimize the thermal coupling between sample and puck,
which was maintained at more than 70% for all temper-
ature points measured above 100 mK.
Polarized and unpolarized neutron diffraction mea-
surements were carried out at DNS at the Heinz Maier-
Leibinitz Zentrum (MLZ), Garching, Germany. Approx-
imately 6 g of powder were packed in an annular cylinder
sample holder made with oxygen-free copper and sealed
in a He atmosphere. Measurements were taken in the
temperature range from 100 mK up to 600 mK in a
dilution insert installed in a top-loading CCR cryostat.
Particular attention was paid to the thermalisation of
powders in the mK temperature regime. Typical neu-
tron polarisation rate at the chosen neutron wavelength
λ = 4.2 A˚ is about 96%. The standard procedures such
as flipping-ratio correction and normalisation of detector
efficiency have been applied for data analysis.
Finally, high resolution inelastic neutron scattering
was performed at the backscattering inverted geometry
time-of-flight spectrometer OSIRIS at ISIS with a fixed
neutron final energy Ef = 1.845 meV selected by a py-
rolytic graphite PG(002) analyzer. For this measure-
ments, 2 g of the same sample used in the other exper-
iments were loaded in a copper annular can and sealed
in a He atmosphere. One day before the first measure-
ment at base temperature, the sample was mounted in a
Kelvinox Oxford Instruments dilution insert and cooled
down to 50 mK. Data were collected upon warming for at
least 12 hours at different temperatures in several runs of
approximately two hours each. After individual checks,
datasets of the same temperature were combined. The
mean energy resolution provided by OSIRIS, as high as
25 µeV, can be seen to not change considerably with en-
ergy transfer. A dynamic range of -0.2 to 1.2 meV is
accessed. After the inelastic scans at 50 mK and 300
mK were finished, additional diffraction data were also
collected at OSIRIS for approximately 2 hours. These
data offer a considerably better (∆d/d ∼ 10−3) resolu-
tion than our DNS data.
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FIG. 1. High resolution neutron diffraction data (red) and refinement (black) for (a) 150 K and (b) 2 K. The difference between
the calculated and the measured intensities is given by the blue line below each pattern.
Temperature (K) Occupancy of Yb3+ at 16c site Lattice parameter (A˚) x Rwp
Stoichiometric model
2 - 10.01275(2) 0.33140(5) 0.0671
150 - 10.02061(2) 0.33105(6) 0.0787
1.5 (Yaouanc et al.) - 10.0220(5) 0.332(1) -
150 (Ross et al.) - 10.01111(3) 0.33122(3) 0.0414
Stuffed model
2 0.0009(1) 10.01273(2) 0.33126(5) 0.0670
150 0.0010(1) 10.02059(2) 0.33095(6) 0.0785
150 (Ross et al.) 0.002(1) 10.01111(3) 0.33121(3) 0.0415
TABLE I. Refined lattice parameters and oxygen 48f Wyckoff position for the stoichiometric and stuffed models. For comparison,
results from the sintered powder of Ross et al. [10] and Yaouanc et al. [13] are also shown.
Ion IDP at 2 K (A˚2) IDP at 150 K (A˚2)
Stoichiometric Model
Yb3+ 0.124(4) 0.347(5)
Ti4+ 0.21(1) 0.31(1)
O1
2− 0.309(5) 0.396(6)
O2
2− 0.21(1) 0.26(1)
Stuffed Model
Yb3+ 0.147(4) 0.37(5)
Ti4+/Yb3+ 0.12(2) 0.21(2)
O1
2− 0.267(6) 0.348(7)
O2
2− 0.21(1) 0.26(1)
TABLE II. Isotropic displacement parameters refined at 2 and
150 K for both models considered in this work.
RESULTS
Sample stoichiometry
We performed Rietveld refinements with FullProf [19]
on the powder diffraction patterns collected at both 2 and
150 K using HRPT. Initially, the patterns were refined
together in order to obtain the best set of instrument-
dependent parameters. After that, lattice constants, 48f
oxygen free-position (x in the tables) and isotropic dis-
placement parameters (IDP) were refined for each tem-
perature separately [20]. The calculated patterns are
plotted together with the measured ones in Fig. 1. The
refined set of parameters are summarised in Tables I and
II.
The oxygen environment of the rare earth ion plays a
fundamental role in the crystal-field anisotropy and, con-
sequently, in the splitting of the total angular momentum
J ground multiplet of the Yb3+ isolated ions. As re-
ported in several studies [1, 21–23], pyrochlores are prone
to oxygen deficiencies, especially at the Wickoff 8b site. A
safe estimate of oxygen vacancies is possible because the
reflection conditions for the pyrochlore structure allow
the Rietveld refinement of the oxygen content unambigu-
ously: that Bragg peaks for which h+k+l = 4n and that,
additionally, do not match the conditions h, k, l = 4n or
h, k, l = 4n+2 (examples are (220),(422),(620), etc.) con-
tain scattering contributions exclusively from O2− ions.
The refinement of the occupancy of the 8b position sup-
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FIG. 2. The refinement χ2 plotted versus the stuffing level at
2 K. The minimum values of the uncertainty parameter re-
main below 1% stuffing. The solid black line highlights the χ2
when the 2.3% stuffing level is reached. The inset shows the
IDP and χ2 versus the stuffing level calculated using FullProf.
There is a clear linear correlation between the parameters. As
the number of Yb3+ ions in the 16c site increases, the IDP
value decreases, becoming negative for 2.3%.
ports a 0.6% reduced oxygen content in our sample, with-
out an overall change in the other parameters for the
stoichiometric model shown in Tables I and II.
Possible stuffing was also considered and a model with
Yb3+ at the Ti4+ site (16c Wickoff position) was re-
fined. The fit parameters are also displayed in Tables
I and II. Our results for the stuffed model are compared
with the results of Ross et al. [10] at 150 K. While re-
fined separately for each temperature, the stuffing level
shows almost the same value given uncertainties. The
lattice parameter and x values also do not change signifi-
cantly from one model to the other. As widely discussed
in Ref. [10], the thermal displacement parameters have
been shown to be sensitive to stuffing, in particular on
the 16c site.
In order to investigate the behavior of the IDP quan-
titatively, we considered two different scenarios. In the
first, we fixed all the parameters obtained in the stoi-
chiometric model. By changing the stuffing level on the
16c Wyckoff position and the oxygen occupancy, which
we should modify in order to keep the charge neutrality
in the material, we analyzed the variation in the χ2 of
the fitting. The result of this analysis can be seen in the
main panel of Fig. 2. The minimum of the χ2 is located
between 0 and 1%.
In the second scenario, we allow the IDP of the 16c site
to vary freely while manually changing the stuffing level
and analyzing the behavior of the χ2. All the other pa-
rameters were kept fixed. The results are displayed in the
inset of Fig. 2. It can be clearly seen that both IDP and
stuffing level are inversely correlated parameters. This
can be understood if we note that (i) the symmetry and
reflection conditions for both Yb and Ti sites are the
same and (ii) both thermal displacement and ionic sub-
stitution may attenuate the measured peak intensities.
Consequently, the discrepancy between the fit IDP val-
ues presented in Table II for stuffed and stoichiometric
models is in great extent dependent of the differences in
scattering cross-sections of Yb (23.4 barns) and Ti (4.35
barns). As the displacement parameters are constrained
to the atomic site, it is natural that the calculated IDP
values are smaller in the model in which one puts Yb in
the place of the less scattering Ti. When we reach 2.3%
stuffing, the fit values for IDP become negative, which is
unphysical for a defined quadratic parameter and shows
the difficulties in discerning a small stuffing from other
general disorder that may be present in a polycrystalline
sample using only Rietveld refinement of neutron diffrac-
tion data.
Given the refinement uncertainties and the minimum
in the error parameters, we can only establish an upper
limit of 1% to the stuffing level of the Yb2Ti2O7 sample
studied here.
Phase Transition and Magnetic Structure
Figure 3(a) shows the sharp heat capacity anomaly
exhibited in our sample at Tc = 280 mK. The temper-
ature and amplitude of the λ-shaped peak are strongly
sample dependent. For those single crystals in which the
anomaly is seen [5, 6, 12], the critical temperature ranges
from 160 to 270 mK. For powders, this spread is smaller
and temperatures from 210 mK [24] to the 280 mK mea-
sured in our sample are reported.
We used polarized neutrons at DNS to measure the
spin flipping ratio of the scattered neutrons in the vicin-
ity of Tc. The results are plotted along with the measured
heat capacity in Fig. 3(a). A drop in the flipping ra-
tio immediately allows one to correlate the heat capacity
anomaly with a change in the magnetic structure of the
sample. The beam depolarisation suggests the develop-
ment of ferromagnetic domains below Tc. To conclusively
prove that hypothesis, diffraction data were collected us-
ing unpolarized neutrons also at DNS. As expected, mag-
netic Bragg peaks corresponding to a propagation vector
~q = 0 structure are observed below the phase transition
temperature. In Figs. 3(c)-(e), the changes in inten-
sity of the (111), (222) and (400) Brillouin zone centers
around Tc are shown. This is a clear evidence that the
phase transition does correspond to a spontaneous sym-
metry breaking, in disagreement with what was reported
for other powder samples [11, 25, 26].
The diffraction pattern obtained by subtracting the
DNS data measured at 300 mK from the data measured
at 100 mK is displayed in Fig. 4(a). The representa-
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FIG. 3. (a) The flipping ratio measured at the (111) Bragg po-
sition (black). The line is a guide to the eye. The phase tran-
sition (blue) in heat capacity is also plotted for comparison.
(b) Heat capacity over an extended temperature range. Note
the position of the two anomalies (green arrows) at Tc = 280
mK and the second hump at T ∼ 2.5 K. (c)-(e) Changes in the
intensity of the (111), (222) and (400) Brillouin zone center
positions around Tc, measured at DNS.
tion analysis performed is analogous to that of Gaudet
et al. [11] and the irreducible representation used is the
same, namely, Γ
(3)
9 . We point out a crucial difference
between our data from that of Ref. [11]: our result
does not allow us to affirm that the canting angle rel-
ative to the 〈100〉 cubic axis is different from zero to
within error (±1◦). The (200) and (220) magnetic Bragg
peaks that are apparent in the case of the structure be-
ing an ice-like splayed ferromagnet, i.e., having an an-
tiferromagnetic component, are not visible in our data,
which indicates that our Yb2Ti2O7 sample develops a
quasi-collinear ferromagnetic structure below the phase
transition. The refined magnetic moment of 0.87(2)µB
is in agreement with that reported in [11], but strongly
reduced from the ≈ 1.8µB expected from high-field mag-
netisation measurements [17]. No evidence supporting
the structure observed by Yaounanc et al. [13] is found,
particularly the strong (220) magnetic Bragg peak re-
ported at their sample ground state.
Also shown in Fig. 4(b) is the difference between the
high-resolution diffraction data collected at 50 and 300
mK at OSIRIS. No refinement was performed for these
data, but the results are fully consistent with the ones ob-
tained with the unpolarized neutron diffraction at DNS.
The average peak width (FWHM) in the measured |Q|
range, obtained based on the fitting of a Lorentzian line
shape, is about 0.008 A˚−1. This would correspond to a
magnetic order with a correlation length of at least 780
A˚, thus stating the long-range order character of the fer-
romagnetic state in Yb2Ti2O7.
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FIG. 4. (a) Difference between the DNS unpolarized neutron
diffraction data collected at 130 and 300 mK (blue points with
error bars), interpreted as pure magnetic scattering, along
with the refined magnetic structure (black line). The posi-
tions of the (200) and (220) magnetic Bragg peaks, present in
a splayed ice-like ferromagnet and not apparent in our data,
are marked in red. (b) Difference between the OSIRIS diffrac-
tion data obtained at 50 and 300 mK. The Lorentzian fit
(black line) is used to estimate a minimum correlation length
of 780 A˚ in the ground-state ferromagnetic order.
Site X Y Z ma(µB) m
b(µB) m
c(µB)
1 1
2
1
2
1
2
0.00(2) 0.00(2) 0.87(1)
2 1
4
1
4
1
2
-0.00(2) -0.00(2) 0.87(1)
3 1
2
1
4
1
4
-0.00(2) 0.00(2) 0.87(1)
4 1
4
1
2
1
4
0.00(2) -0.00(2) 0.87(1)
TABLE III. Magnetic moments obtained in the refinement
shown in Fig. 4(a). ma, mb and mc are the magnetic moment
components along the global xˆ, yˆ and zˆ axis, respectively.
Inelastic Neutron Scattering
High resolution neutron spectroscopy measurements
were carried out in order to investigate the dynamical
magnetic behavior of our sample. The contour plots in
Fig. 5 display the clear response of the measured spec-
tra to the changes in temperature. At 10 K [panel (a)],
a typical paramagnetic behavior is exhibited. At 2.5 K
[panel (b)], the appearance of a weak quasielastic broad
feature at low-|Q| signals the development of dynamical
ferromagnetic correlations in the sample. Concomitantly,
as will be clearly shown later, a weak diffuse continuum
of scattering forms at energy transfers higher than 0.4
meV. Down to 500 mK [panel (c)], both features become
stronger and at 50 mK, an energy gap opens at the low
momentum transfer region, showing clear features in the
spectra at temperatures below Tc.
In Figs. 6 and 7, some representative cuts made along
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FIG. 5. Inelastic neutron scattering spectra measured at OSIRIS at (a)10 K, (b) 2.5 K, (c) 500 mK and (d) 50 mK. The
momentum transfer interval accessed at h¯ω = 0 is |Q| = [0.2, 1.8] A˚−1
the energy axis are shown. The quasielastic contribution
to the |Q|-cuts is fit using
I(h¯ω) =
A
pi
h¯ω
1− exp(−βh¯ω)
ΓQ
(h¯ω)2 + Γ2Q
, (1)
where ΓQ is the half width of the quasielastic compo-
nent, h¯ω is the neutron energy transfer, β = (kBT )
−1
,
kB is the Boltzmann constant and T is the sample tem-
perature. The inelastic (gapped) excitations were fit with
a standard Lorentzian convolved with the instrumental
resolution function determined from the vanadium scans.
The evolution of the ferromagnetic correlations, man-
ifested as quasielastic scattering at low-|Q|, can be seen
in Figs. 6(a)-(c), which display cuts binned in the range
|Q| = [0.3, 0.6] A˚−1 for different temperatures above Tc.
The quasielstic scattering (green shaded area for all the
plots) extends over a wide energy range. At lower tem-
peratures, this component narrows and displays an in-
crease in magnitude around zero energy transfer, signal-
ing overall slower spin dynamics [see inset in Fig. 6(a)].
Closer to the phase transition temperature, at 500 mK
[Fig. 6(c)], this contribution is sharp and asymmetrically
broadened at the base of the elastic line.
In Figs. 7(a)-(c) we show cuts for 50 mK binned in the
ranges of |Q| = [0.3, 0.6] A˚−1, |Q| = [0.9, 1.2] A˚−1 and
|Q| = [1.5, 1.8] A˚−1, respectively. The gapped sharp ex-
citation feature, that is clearly seen for |Q| < 0.6 A˚−1 in
the contour plot of Fig. 5(d), can be seen in all three cuts
at h¯ω ∼ 0.17 meV. This flat-band-like excitation mode
seems slightly dispersive, and its intensity is stronger at
the magnetic zone center regions around (000) and (111).
Despite being outside the measured momentum trans-
fer range, the tail of the dispersions stemming from the
(311)/(222) positions can also be observed in the con-
tour plots and cuts of Fig. 7. Its intrinsic width is esti-
mated to be around 70 µeV based on the fitting shown in
Fig. 7(a). Furthermore, in Figs. 7(b)-(c), an additional
resolution-limited sharp excitation is present at h¯ω ∼ 0.1
meV, with the strongest intensity observed near the (111)
Bragg position.
Despite the long-range magnetic order and the gapped
magnetic excitation modes evident at both 0.17 and 0.1
meV at 50 mK, a broad quasielastic scattering compo-
nent extending up to at least 1 meV is observed to persist
in the whole measured momentum transfer range. This
behavior is reported in single crystal samples to man-
ifest in the form of rods of scattering along the 〈111〉
reciprocal lattice directions [5, 14, 27, 28]. In [27], the
scattering intensity in the rods grows on approaching Tc
and, at 30 mK, shows reduced spectral weight (deple-
tion) below 0.2 meV in comparison with 500 mK data.
In Ref. [14], the spectral weight of the rods is little af-
fected when the temperature is increased up to 850 mK.
In our case, even though no information about directions
in reciprocal space can be accessed, the strong shift of the
quasielastic contribution to positive energies ultimately
7causes the suppression of the scattering magnitude at the
energy gap region, thus explaining the depletion observed
in Ref. [27].
A third characteristic feature of the magnetic excita-
tions spectra is the continuum-like inelastic scattering
component around 0.6 meV. In Fig. 8(a), where we plot
the temperature dependence of the |Q|-cut over a broad
momentum transfer range, the scattering intensity in the
continuum region of the spectra can be seen to increase
steadily relative to 10 K. At 2.5 K the intensity at the
tail of the elastic line is approximately constant up to the
maximum ∼ 0.6 meV, after which it starts to decrease.
Upon further cooling, this component sharpens to form
at 50 mK the prominent peak displayed in the panels of
Fig. 7 for |Q| > 0.9 A˚−1.
In Fig. 8(b), an energy cut integrated over h¯ω =
[0.4, 0.8] meV is plotted as a function of momentum
transfer. The integrated intensity at 10 K was subtracted
from the data at each temperature shown and the result
was then divided by the magnetic form factor squared
of the Yb3+ ions. This excitation appears approximately
featureless at 5 and 2.5 K , with a slightly increased mag-
nitude for the latter temperature. At 500 mK, a max-
imum in the dispersion arises ∼ 0.9 A˚−1, which is ac-
companied at 50 mK by another maximum taking place
∼ 1.4 A˚−1. Apart from this subtle change at higher-|Q|
and unlike the lower energy sharp excitations, the con-
tinuum seems to be little affected by the phase transition
to the ordered phase.
All the reports of gapped magnetic excitations in
Yb2Ti2O7 have been made in applied magnetic fields
[4, 6]. In single crystals, regardless of sample stoichiom-
etry issues, the field induced order displays clear sharp
spin wave branches, which are modeled using linear spin-
wave theory. Robert et al. [14] further constrains the
parameter space using Monte Carlo and spin dynamics
simulations in order to reproduce some features in the dif-
fuse elastic scattering at zero magnetic field. We use the
software SPINW [29] and the sets of exchange param-
eters determined in [4], [14] and, more recently, in [6],
to calculate the powder averaged, resolution convolved
magnetic excitations expected to emerge below Tc at zero
magnetic field. The results are shown in Fig. 9. Since
the model obtained by Ross et al. [4] was already dis-
cussed for powders in Ref. [11], we do not reproduce the
respective contour plot here. For a quick comparison,
the parameters reported in these three works are given
in Table IV.
Though successfully reproducing the high field regime
of the magnetic excitation spectra, the fit exchange pa-
rameters do not give an accurate account of the excita-
tions measured in our sample. The closest resemblance is
seen at low-|Q|, where a strong dispersive gapped mode
is predicted in the powder spectra. However, the branch
observed in our experiment is almost flat and the mea-
sured gap of 0.17 meV appears overestimated in all mod-
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FIG. 6. Cuts along the energy axis binned in the interval
|Q| = [0.3, 0.6] A˚−1 for (a) 10 K, (b) 2.5 K and (c) 500 mK.
The red lines show the sum of all the fit components (see
main text) to the measured curves (black points with error
bars). The black dashed line is the estimated contribution
of the elastic incoherent scattering. The green shaded area
corresponds to the fit quasielastic scattering according to Eq.
1. The inset in (a) shows the temperature evolution of the
two fitting parameters ΓQ and A for temperatures measured
above Tc. The solid lines are guides to the eye.
els, but closer to the calculation based on the exchange
parameters of Thompson et al. No sharp excitation mode
∼ 0.1 meV can be reproduced in the spin-wave calcula-
tions based on the exchange parameters of Table IV, as
can be clearly seen in the cuts performed in the calcu-
lated spectra displayed in Fig. 9(c). Given that this
mode, of energy of around 1 K, is clearly absent above
Tc, we conclude that it can only be associated with the
ground state magnetic order.
Even thought the four distinct calculated modes are
expected to be discernible at higher momentum trans-
fers for a instrumental resolution of 25 µeV [see Fig.
9(c)], the continuum at higher energies may tentatively
be interpreted as a result of the superposition of spin-
wave branches caused by powder averaging. However,
a similar observation in single crystals [6, 14] weakens
this hypothesis. We interpret this inelastic excitation
as a strong evidence that above the sharp phase transi-
8Jzz J± J±± Jz± J1 J2 J3 J4 gxy gz
Ross et al. [4] 0.17 0.05 0.05 -0.14 -0.09 -0.22 -0.29 0.01 4.32 1.80
Thompson et al. [6] 0.026 0.074 0.048 -0.159 -0.028 -0.326 -0.272 0.049 4.17 2.14
Robert et al. [14] 0.07 0.085 0.04 -0.15 -0.03 -0.32 -0.28 0.02 4.09 2.06
TABLE IV. Exchange parameters determined in Refs. [4, 6, 14] in both local and global coordinates, with the corresponding
Lande` factors gxy and gz. All the values for the exchange parameters are given in meV.
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FIG. 7. Three different cuts at 50 mK for (a) |Q| = [0.3, 0.6]
A˚−1, (b) |Q| = [0.9, 1.2] A˚−1 and (c) |Q| = [1.5, 1.8] A˚−1.
Note that the (111) Bragg peak is contained in the |Q|-range
of panel (b) and that it causes the observed broadening of the
elastic line. In addition to the estimated quasielastic scatter-
ing (green), two sharp magnetic excitations (yellow and red
dashed areas, respectively) at h¯ω = 0.10 meV (FWHM = 25
µeV) and at h¯ω = 0.17 meV (FWHM = 70 µeV) and esti-
mated inelastic continuum (blue dashed area) contribute to
the observed line shape.
tion temperature this compound is not in a conventional
paramagnetic state up to at least 2.5 K. In fact, the tem-
perature evolution of the continuum may well be related
to the broad hump in heat capacity shown in the Fig.
3(b). The broad anomaly has an onset at 10 K and a
maximum around 2.5 K, temperature below which the
heat capacity experiences a smooth decrease down to the
sharp phase transition at Tc.
Recently, an alternative explanation to the continuum
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FIG. 8. (a) A broad cut corresponding to the integrated in-
tensity over the interval |Q| = [0.6, 1.4] A˚−1 is shown. (b)
Energy binned in the range h¯ω = [0.4, 0.8] meV displaying the
|Q|-dependence of the continuum. The dispersion is double-
peaked at 0.9 and 1.4 A˚−1. The red line is a guide to the
eye.
of scattering emerging in Yb2Ti2O7 ground state was
suggested. Analyses of terahertz spectroscopy [30] and
inelastic neutron scattering data [6] suggest that at low
and zero magnetic fields the single and multiple-magnon
branches in the compound are expected to overlap. This
provides a decay route for the one-magnon excitation
and, consequently, suppresses the development of con-
ventional spin-waves in the ordered phase. This effect
is know as quasiparticle breakdown and it is usually re-
ported in low-dimensional quantum spin systems [31, 32].
We point out, however, that the continuum observed
here displays significant spectral weight already at 2.5
K ∼ 10Tc, much above the effective formation of single-
magnon modes and, consequently, above the temperature
at which magnon decays can occur.
Lastly, we point out the striking similarities of the
low temperature behavior observed in the isomorphous
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FIG. 9. Resolution convolved (25 µeV) expected spin-wave
spectra calculated using the exchange parameters determined
in (a) Ref. [6] and (b) Ref. [14]. (c) Cuts along the energy
axes in the same |Q|-ranges shown in Fig. 7, including the
model of Ref. [4]. The yellow and red lines mark the position
of the two sharp excitations measured in our sample.
compound Yb2Sn2O7 and the one presented in our
Yb2Ti2O7. The heat capacity of Yb2Sn2O7 displays
a sharp anomaly at Tc = 0.15 K followed by a broad
hump ∼ 2 K [33]. In the stannate, the neutron diffrac-
tion supports the development of an ice-like splayed fer-
romagnetic structure below Tc with a ordered moment
of 1.05(2)µB. Nevertheless, µSR measurements show
evidence of persistent spin dynamics in the compound
ground state [33]. Inelastic neutron scattering measure-
ments performed in a different powder sample confirm
this scenario. As can be seen in the contour plots of Ref.
[34], the inelastic continuum is prominent already at 3
K and evolves down to 50 mK, showing weak dispersion
and stronger intensity at |Q| = 0.9 A˚−1. No gapped
modes are reported in [34], what may be a consequence
of insufficient instrumental energy resolution (0.1 meV
at that experiment). These works show strong evidence
that Yb2Sn2O7 may mimic the behavior reported here
for Yb2Ti2O7, in spite of the chemical pressure arising
from the different occupation of the B site.
DISCUSSION
Sample dependence clearly complicates the overall un-
derstanding of Yb2Ti2O7 ground state. Once believed to
not order down to the lowest temperatures [25, 28], for
many years the sharp anomaly displayed in Yb2Ti2O7
heat capacity could not be attributed to any spontaneous
symmetry breaking taking place in the material. Until re-
cently, only the single crystal of Refs. [5, 35] had been
shown to display the magnetic Bragg peaks of a ferro-
magnet below Tc. In the work of Yasui et al., a simple
collinear structure with ordered moment of (1.1± 0.1)µB
is reported.
Later work on powders established the long-range char-
acter of the ground state, even though the magnetic
structure is still disputed, as pointed out above. The
powder of Ref. [11] displays a very sharp phase transition
in Cp at T = 260 mK. Neutron diffraction measurements
show that the Bragg (111) intensity in their sample is
approximately constant while warming from 100 mK to
∼350 mK. Ref. [13] does not report detailed temper-
ature dependence of the measured intensities, but it is
supposed that it is only below the phase transition that
the sample develops the all-in-all-out ferromagnetic or-
der. Recent work [36], performed on single crystal, report
results in close resemblance to ours. Notwithstanding be-
ing performed using the intensities of only three Bragg
peaks, the magnetic structure refinement also supports
that Yb2Ti2O7 is a canted two-in-two-out ferromagnet
with ordered moment of 0.90(3)µB and a canting angle
of 8(6)◦.
Our inelastic data is the source of new and surprising
behavior. Below the phase transition, the quasielastic
scattering is expected to split its spectral weight into elas-
tic (static) contributions and inelastic dynamical scatter-
ing in form of coherent spin wave modes. Instead, we
observe that at 50 mK inelastic excitations coexist with
a quasielastic contribution, which signals spin fluctua-
tions. From these observations, several important ques-
tions arise and we discuss some of them below, one by
one:
(i) Are the fluctuations caused by poor thermalization
of the sample at low temperatures? That is always pos-
sible, especially if we consider that the thermalization in
powders is inherently poor. However, evidences in our
data show that this possibility is improbable. First, the
inelastic neutron scattering spectra show clear tempera-
ture dependence. Second, the diffraction data collected
just after the inelastic scattering measurements above
and below the phase transition temperature at OSIRIS,
display the Bragg peaks of a long-range ferromagnetic
order. In other words, if some small amount of sample
remains above Tc, it is unlikely that it would be the sin-
gle cause for the significant fluctuating component we
observe to persist in the Yb2Ti2O7 ground state.
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(ii) Are the fluctuations caused by sample inhomo-
geneities? Arguing against this suggestion, it should be
enough to say that the sample displays the phase transi-
tion and develops long-range ferromagnetic order, which
has been shown to be suppressed in non-stoichiometric
samples. We also point out that all the inelastic neutron
scattering data for Yb2Ti2O7 samples reported to date
have shown dynamics in the ground state at zero mag-
netic field. So, to suggest that the fluctuations are due
to sample inhomogeneities would be equivalent to saying
that all the samples of Yb2Ti2O7 are affected by disorder
and do not show the real behavior of the compound.
(iii) Are the fluctuations caused by an intrinsic dy-
namical ground state surviving in the long-range ordered
regime? This possibility is the most promising and, given
the large body of work showing the eccentricities in the
magnetic behavior of Yb2Ti2O7, it is natural to link our
results with the models developed for the QSI. Indeed,
the ground state excitations we observe are exotic, but
a key experimental fact places the compound away from
the QSI regime: the ground state static long-range fer-
romagnetic structure not (totally) disrupted by quantum
fluctuations (see, for example, the discussions in [37] and
the recent reviews in [2, 38]). A good qualitative descrip-
tion of our observations seems to be achieved when we
compare our experimental results with those predicted
by the gMFT theory developed in [39]. The so-called
Coulombic Ferromagnet (CFM) phase, whose elementary
excitations are an inelastic continuum of spinons instead
of conventional spin-waves, displays magnetic order and
supports the existence of a gapless photon mode. The
settling of Yb2Ti2O7 in a CFM phase would, however,
require a drastic revision of the parameters reported for
the material, since the exchange parameters pertinent to
Yb2Ti2O7 seem to place the compound far away from
this new state of matter.
If the QSI phase really exists in Yb2Ti2O7, more in-
vestigations on the spin liquid phase above Tc may pro-
vide important evidence. Possible monopole dynamics
at temperatures ∼ 1.5 K was recently reported [40, 41].
Furthermore, the broad anomaly in heat capacity, which
we associate here with the inelastic continuum develop-
ing at low temperatures, seems to configure an important
turning point in the magnetic dynamics of the compound
without any obvious consequences in the elastic scatter-
ing. We stress that more work, both theoretical and ex-
perimental, preferably carried out on well characterised
single crystals, is necessary to clarify the blurred physi-
cal picture that was built for Yb2Ti2O7 throughout the
years.
CONCLUSIONS
In conclusion, we have shown that our Yb2Ti2O7 pow-
der sample adopts a long-range ferromagnetic order be-
low the sharp phase transition at Tc = 280 mK. We com-
plement our diffraction data with high resolution inelastic
neutron scattering measurements. Powder spherical av-
eraging hides information about directions in reciprocal
space that would be fundamental in order to perform
a robust quantitative analysis on the Yb2Ti2O7 spec-
tra. Nevertheless, we show that sharp excitation modes
clearly exist and that they loosely correspond to what is
predicted from high magnetic field data. No other sample
of Yb2Ti2O7, powder or single crystal, has been reported
to display gapped magnetic excitations in the ordered
phase, even though these are expected given the strong
exchange anisotropy of the Hamiltonian. In the ferro-
magnetic state, spin fluctuations translated into a persis-
tent quasielastic scattering are still present above 50 mK.
Moreover, a broad continuum develops upon cooling well
above Tc. It is difficult to say whether this pyrochlore can
be placed in one of the many exotic phases that are the-
oretically expected to be present in frustrated magnets.
We believe that our measurements reveal important new
information on the ground state of Yb2Ti2O7 and pave
the way for a better understanding of the nature of the
ground state of this frustrated magnet.
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